The initial stage of oxidation of an Si (110)-(1 × 1) surface was analyzed by using the first-principles calculation. Two calculation cells with different surface areas were prepared. In these cells, O atoms were located at the Si-Si bonds in the first layer (A-bonds) and at the Si-Si bonds between the first and second layers (B-bonds). We found that (i) the most stable site of one O atom was the A-bond, and (ii) an O (A-bond) -Si-O (A-bond) was the most stable for two O atoms with a coverage ratio of R ox = 0.06 while an O (A-bond) -Si-O (B-bond) was the most stable for R ox = 0.10. The stability of O (A-bond) -Si-Si-O (A-bond) was less than the structures obtained in (ii). The other calculations showed that the unoxidized A-bonds should be left when a coverage ratio of R ox is close to 1. These simulations suggest that the O atoms will form clusters in the initial stage of oxidation, and the preferential oxidation will change from the A-bonds to the B-bonds up to the formation of 1 monolayer (ML) oxide. The results obtained here support the reported experimental results.
Introduction
The performance of electronic devices has been markedly improved with the development of microfabrication technology, which allows for the use of thin nanoscale Si films. However, as the improvements in scaling technology will reach their uppermost limit in the near future, alternative technology is required. There is a great deal of engineering interest in Si (110) wafers used as the substrates of large-scale integrations (LSI) for next generation technology because the hole mobility of (110) is higher than that of a (100) surface; about 2.5 times as high as that of (100) [1] . Despite this importance, few studies on Si (110) surface have been reported in comparison with other low-index surfaces. It was previously reported that the most stable configuration of a Si (110) clean surface was a (16 × 2) reconstruction at temperatures of less than about 700
• C [2] . The detailed structure and initial oxidation of a Si (110)-(16 × 2) clean surface were experimentally [3] [4] [5] and theoretically [6, 7] studied by different research groups including us [7] . On the other hand, at temperatures higher than about 700
• C, the Si (110)-(1 × 1) surface was the most stable [2] . Suemitsu et al. [8] experimentally studied the oxidation process up to 1 monolayer (ML) of the Si (110)-(1 × 1) surface and suggested the preferential oxidation of B-bonds (Si-Si bonds between the first and second layers). However, to the best of our knowledge, there have been few theoretical studies on the initial stage of oxidation on Si (110)-(1 × 1) surfaces.
In this paper, we analyzed the initial stage of oxidation on a Si (110)-(1 × 1) clean surface using the first-principles calculation. We calculated the total energy of the two geometrically optimized cells with different surface areas including O atoms at the Si-Si bonds in the first layer (Abonds) and at the Si-Si bonds between the first and second layers (B-bonds). The obtained results were discussed with the reported experimental results.
Calculation Details
We used the CASTEP code of the first-principles calculation with the local density approximation (LDA) based on the density functional theory [9] . In this calculation, the KohnSham equation was solved self-consistently in order to obtain the ground state of the system for given atomic configurations [10] . The wave functions were expanded with the plane waves, and the ultra-soft pseudopotential method [11] was used to reduce the number of plane waves. The cutoff energy was 340 eV. The expression proposed by Perdew et al. [12] was used for the exchange-correlation energy in the generalized gradient approximation (GGA). The density mixing method [13] and BFGS geometry optimization method [14] were used to optimize the electronic structure and configurations, respectively. In these analyses, we defined the coverage ratio of the O atoms, R ox , using (1):
Here, N O and N Si-Si indicate the number of O atoms and the sum of the A-and B-bonds on the surface in the simulation cell, respectively. When one O atom is included in each cell, R ox = 0.03 and 0.06 for the large and small models, respectively. In addition, a vacuum slab that was 10Å in length was attached to eliminate any interactions with the image cells. The H atoms were terminated at the Si atoms on the bottom surface to eliminate the effect of dangling bonds. The bottom Si layer including H atoms was fixed. These procedures aided in considering the simulation cell as an infinite bulk structure under the Si (110) surface. k point sampling was performed at 1 × 1 × 1 and 2 × 2 × 1 special points on the Monkhorst-Pack grid [15] for the large and small models, respectively. The simulation cells were initially optimized. Then, the following three types of simulations were performed. In simulation (I), one or two O atoms were located at the Aand/or B-bond in both the large and small models, and the total energies of the optimized structures were calculated. This simulation gave us the information on the most stable site for situations including both one and two O atoms with different coverage ratios R ox . In simulation (II), two large models were prepared. O atoms were located at all the Aand B-bonds in each model. After that, one O atom at the Abond (B-bond) was eliminated from one (the other) model. Finally, the total energies of each model were calculated after the geometry optimization. The purpose of this simulation was to investigate the unoxidized bond when a coverage ratio of R ox is close to 1.
The point defects play an important role in the Si oxidation process [16] . However, in this calculation, the formation of point defects was not considered as the stress easily releases due to the surface reconstruction in the initial stage of the oxidation. which the Si atoms shown by the arrow in each zigzag line moved inward, was stable. This reconstructed surface agreed well with the results of the previous study using the first principles calculation [6] .
Results and Discussion

Simulation (I)
The Most Stable Site of One O Atom.
The total energy calculations were performed for the optimized large model including one O atom located at the A-bond, B-bond, and A-bond in the second layer. In this case, the coverage ratio was R ox = 0.03. Figure 3 shows the cross sections of the stable structures and the energy gains with O absorption. Here, we obtained the energy gain E G using (2):
Here, E tot [ (110) We found that the E G at the A-bond was about 0. 
The Most Stable Site of Two O Atoms.
The total energy calculations were performed for the large and small models including two O atoms. Figure 4 shows the typical stable structures with an absorption of two O atoms in the small model. Here, the coverage ratio was R ox = 0.10. The energy gains E G with the absorption of two O atoms are summarized in Table 1 .
We found that (i) O (A-bond) -Si-O (A-bond) was most stable when R ox = 0.06, while (ii) O (A-bond) -Si-O (Bbond) was most stable when R ox = 0.10. The stability of the two O atoms for separated A-bonds (O (A-bond) -Si-Si-O (A-bond)) was less than these two structures as shown in this table. These results indicate that the O atoms will form clusters in the initial stage of oxidation, and furthermore, the stable site of the O atoms will shift from the A-bonds to the B-bonds with the progress of the oxidation. The O atom at the A-bond generates strain parallel to the surface, as shown in Figure 4 the O atom at the B-bond moves the Si atoms in the first layer outward. In this case, the strain parallel to the surface will not accumulate that much. This results in a shift in the stable site of the O atoms from the A-bonds to the B bonds with an increase in the coverage ratio.
Si (110)-(1 × 1) surface was the most stable at higher than 700
• C. It is thought that the structures in Figure 4 are stable even if they are quenched to a room temperature considering previous experimental reports [17] .
Simulation (II).
It is difficult to obtain the stable structures including some clusters of O atoms by first principles calculation. Therefore, in this simulation, the ideal models were used to estimate the unoxidized bonds left up to 1 ML oxide. First, two large models were prepared. The O atoms were located at all the A-and B-bonds in each model. After that, one O atom at the A-bond (B-bond) was eliminated from one (the other) of the models. Finally, the total energy of each model was calculated after geometry optimization. The possibility of the preferential oxidation was analyzed from those models. The coverage ratio R ox of each model was 0.97. The top views of the obtained atomic configurations are shown in Figure 5 . In this figure, the Si-Si bonds, at which the O atoms are eliminated, are shown by circles.
We found that the total energy of the cell including an unoxidized one A-bond was 5.22 eV less than that including an unoxidized one B-bond. In the Si (110)-(1 × 1) surface with an unoxidized one B-bond shown in Figure 5(b) , the Si atoms indicated by arrows moved outward at a large displacement. We believe this large displacement is due to the large accumulated strain caused by the occupation of the O atoms at all A-bonds. Our results from simulations (I) and (II) suggest the preferential oxidation of the B-bonds with the progress of the oxidation and support the experimental results indicating that the dominant Si suboxide is Si 3+ on a Si (110)-(1 × 1) surface up to 1 ML presented by Suemitsu et al [8] .
Conclusion
We analyzed the initial stage of the oxidation of a Si (110)-(1 × 1) surface by using the first principles calculation. Two calculation cells with different surface areas were prepared. In these cells, O atoms were located at Si-Si bonds in the first layer (A-bonds) and at Si-Si bonds between the first and second layers (B-bonds). We found that (i) the most stable site of one O atom was the A-bond, and (ii) an O (Abond) -Si-O (A-bond) is the most stable for two O atoms with a coverage ratio of R ox = 0.06, while an O (A-bond) -Si-O (B-bond) is the most stable for R ox = 0.10. The stability of O (A-bond) -Si-Si-O (A-bond) was less than the structures obtained in (ii). The other calculations showed that the unoxidized A-bonds should be left when a coverage ratio of R ox is close to 1. These simulations suggest that the O atoms will form clusters in the initial stage of oxidation, and the preferential oxidation will change from the A-bonds to the B-bonds up to the formation of 1 monolayer (ML) oxide.
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The results obtained here support the reported experimental results that the dominant Si suboxide is Si 3+ on a Si (110)-(1 × 1) surface of up to 1 ML.
